Introduction and Context
The National Building Code of Canada released updated seismic hazard maps in 2015 (NBCC2015) based on an updated seismic catalogue, revised seismic sources and new Ground Motion Prediction Equations (GMPEs). It is the first fully probabilistic hazard model for Canada. All three types of seismic sources; crustal, subduction intraslab and subduction interface are treated probabilistically. In previous hazard models the subduction interface earthquakes were treated deterministically and the crustal and subduction intraslab probabilistically. The greater hazard from the two assessments was adopted in the building code (Humar 2015) .
Another new feature of the NBCC2015 is the adoption of tables of site amplification factors which are period, intensity and site class dependent. The Site Classes A to E, incorporated in NBCC2015 are described in Finn and Wightman (2003) . A sampling of the NBCC2015 factors is shown in Table 1 , for a period, T of 0.5s. These factors replace the two factor system, F a and F v , in NBCC2010, where F a was the factor for short period structures (the average amplification over the period range 0.1s to 0.5s) and F v for long period structures (the average factor over the 0.4s to 2.0s range).
The site amplification factors in NBCC2015) for South Western British Columbia (SWBC) were developed using only the single site term associated with the Boore and Atkinson (2008) Ground Motion Prediction Equation (GMPE) for crustal sources, as modified by Atkinson and Boore (2011) . The seismic hazard in SWBC is derived from three source types; crustal, subduction intraplate and subduction interface sources. Therefore site factors based only on a crustal site term are approximate. This study was conducted to assess the degree of approximation.
Calculation of Seismic Hazard for NBCC2015
D r a f t 4 Detailed descriptions of the methodology used for developing the seismic hazard model for NBCC2015 may be found in Adams et al. (2015) and in the Geological Survey of Canada (GSC) Open File 7576 (Halchuk et al. 2014) . A brief overview of the procedure is given below.
The seismic hazard for a given site is expressed as a Uniform Hazard Spectrum (UHS). The first step in hazard calculation is to develop ground-motion look-up tables appropriate for the Site Class of interest.
These tables are incorporated into a hazard analysis program such as EZ-Frisk (EZ-Frisk, 2011) , and the seismic hazard is then calculated for that Site Class.
The ground-motion look-up tables are first developed for Site Class B/C boundary conditions characterized by a time averaged shear wave velocity in the upper 30m of the site, V s30 = 760m/s. Site Class B/C is the boundary between Site Class B and Site Class C as defined in NBCC2015. Site Classes C, D and E are defined as having V s30 values in the range 360m/s ≤ V s30 < 760m/s, 180m/s ≤ V s30 < 360m/s and V s30 < 180m/s, respectively (Finn and Wightman, 2003) . The GMPEs used in calculating the groundmotion look-up tables for hazard assessment are shown in Table 2 together with the weighting factors (where applicable) that weight the GMPEs' individual contributions to the hazard. These ground-motion look-up tables are commonly used for Probabilistic Seismic Hazard Analysis (PSHA) in Canada, and they are a convenient way of providing ground-motion amplitudes for a range of magnitude-distance pairs at different periods. Note that each source type uses a different suite of GMPEs. The ground-motion lookup tables for the B/C boundary were converted to ground-motion look-up tables for Site Class C, the reference site adopted by the building code, using the conversion factors in Table 3 . These factors are given in the GSC Open File 7576 (Halchuk et al. 2014) . These amplification factors were developed from the linear soil term in the modified Boore and Atkinson (2008) GMPE using a characteristic velocity for Site Class C, V s30 = 450m/s. A similar approach, but which considered linear and nonlinear site terms, was employed to develop site amplification factor tables for Site Classes D and E, which were characterised Table 2 . The objective of this paper is to present an alternative approach to site factors for code use based on the site terms of the specific GMPEs associated with the crustal, subduction intraslab and subduction interface sources rather than the approximate approach of using just one GMPE for all sources as in NBCC2015.
It is a large undertaking to calculate the effects of using the appropriate GMPE and site terms for hazard evaluation for all British Columbia (BC) regions and all ground shaking intensity levels, so the present study is limited to investigating the significance of the effects of the new approach on hazards and site factors for the two major metropolitan centres in SWBC, for Vancouver (city hall, latitude 49.25, longitude -123.12) and Victoria (latitude 48.43, longitude -123.37) for different site conditions for the 2% in 50 years exceedance rate (a return period of 2,475 years). We shall present results for Site Classes C, D and E only.
The proposed UBC procedure for assessing site amplification factors
A brief outline of the proposed procedure for calculating source compatible site amplification factors is given here. This proposed procedure will be referred to as the University of British Columbia (UBC) procedure in this document for convenience. More details are introduced as needed in the course of describing the various sub-analyses leading to the development of alternative site factors. A computational model was developed using MatLab (The Mathworks, 2014) Table 2 ). The next step in validating the computational process is to replicate the Uniform Hazard Spectra (UHS)
for Site Class C for Vancouver and Victoria given in NBCC2015. This is done by first generating ground motion look-up tables for Site Class C from those generated at the B/C boundary by using the factors given in Table 3 (this is precisely the same way the Site Class C tables given in Open File 7576 are obtained). The calculated Uniform Hazard Spectra agrees exactly with those given in NBCC2015 as shown in Figure 2 .
Calculating the Hazard for Site Classes, C, D and E using the proposed procedure
Ground motion look-up tables for Site Classes C, D, E are developed for evaluating the UHS for Vancouver and Victoria using the GMPEs and the site terms associated with each seismic source as presented in Table 2 . This is in contrast to the procedure followed in NBCC2015 where the effects of site Because of the stiff nature of Site Class C the differences in the subduction interface ground-motion look-up tables from the proposed UBC procedure and those given in the NBCC2015 are not significant.
There is however, a difference in the case of the inslab50 (subduction intraslab, depth=50km) groundmotion look-up tables, and resulting hazard values, as will be seen in the following section.
The hazard for Vancouver and Victoria is calculated now using the NBCC2015 and UBC procedures. The The hazards for Site Classes D and E for Vancouver were also calculated following the UBC procedure.
The resulting hazard levels are shown in Figure 5 for the inslab50, subduction interface and crustal sources only, as the other three sources contributions are relatively minor in comparison (as shown in Figure 4 ). Figure 5 instantiates the differences between the site term effects in the different attenuation relations used for each of the three different site conditions. For example, when comparing the Site Class D and E curves in the inslab50 and crustal plots in Figure 5 , it is evident that the site effects, or the differences between the Site Class D and Site Class E curves, are much more pronounced for the 0.5s period in the crustal plot than in the inslab50 plot. The relative magnitudes of the increases due to site effects seen in the inslab50 and crustal hazard curves are also striking. The mean hazards for each of the three Site NBCC2015 within the range of 0.2s to 1.0s, with a peak increase of approximately 39% at a period of 0.5s. For Site Class E the hazard for the UBC procedure is greater than the NBCC2015 predictions over the range 0.3s to 2.0s, with an increase of approximately 37% at a period of 0.5s.
Site Factors
The response spectrum ordinates for Site Classes D and E obtained using the UBC procedure are generally greater than those tabulated in NBCC2015 in the period range below 2s. The data presented in
Figures 6 and 7 are reinterpreted as site factors by dividing the Site Class D and E spectral ordinates by the corresponding Site Class C ordinates for both Vancouver and Victoria, to give site factors for Site Classes D and E, relative to C. These factors are tabulated below in Table 6 .
There are significant differences between the UBC and NBCC2015 amplification factors for Site Class D for periods T=0.5s and T=1.0s, and for Site Class E for periods T=0.5s, 1.0s and 2.0s. For Site Class D sites in both Vancouver and Victoria the UBC factors exceed the NBCC2015 factors by 25% at T=0.5s and by 7% at T=1.0s. For Site Class E sites the differences are much greater. For Vancouver at periods T= 0.5s, 1.0s and 2.0s the differences are 15% 30% and 7% respectively. For Victoria Site Class E sites the corresponding increases are 25%, 35% and 25%.
The major differences between the UBC and NBCC20115 site factors can be attributed to the Zhao GMPE site term operating on the subduction intraslab sources. This term represents a 100% replacement for the BA08 site term. The replacement site terms in the subduction interface sources were weighted at only 50% of the hazard, with the Zhao et al. (2006) in this case accounting for only 10%.
The differences between NBCC2015 and UBC site amplification factors is significant enough to warrant a reassessment of the procedures for calculating site amplification factors for the 2020 edition of the National Building Code.
Conclusions
This study presents alternative site amplification factors for Vancouver and Victoria. The alternative factors were calculated using site-specific look-up tables incorporating all the GMPEs associated with each type of tectonic region and their associated site terms. In contrast NBCC2015 site amplification factors were developed using only the single site term associated with Boore and Atkinson (2008) 
